Abstract-We report the design, fabrication, and characterization of an ultrasensitive resonant (∼300-400 Hz) magnetometer with 0.67-mV/nT sensitivity. The sensor was composed of a low stress (−14 MPa) low-pressure chemical vapor deposition silicon nitride cross bridge and a neodymium magnet. External magnetic field biasing (to modify the effective Hooke's constant), shielding, mechanical isolation, and parametric amplification and feedback were used to progressively improve the sensor performance from 1 µT minimum detectable signal to 27 pT; an improvement of five orders of magnitude. The sensor's average temperature sensitivity around the room temperature was 11.9 pV/pT/°C.
I. INTRODUCTION
U LTRASENSITIVE, room temperature magnetometers with 10 fT minimum detectable signal (MDS) are required for magneto-encephalography (MEG), to image and connect our brain circuitry and firing patterns to our behavior. Atomic vapor, high-temperature, superconducting quantum interference devices (SQUIDs), and very high sensitivity micro-electromechanical systems (MEMS) magnetometers are being developed for these and related applications [1] . Magnetic fields in the brain are produced by electric currents flowing in 10 3 -10 6 bundles of axons. When co-fired, these bundles produce 10 fT to 10 pT magnetic flux density a few centimeters away at the surface of the skull [2] - [5] . Although the origin of MEG and electroencephalography (EEG) is the same, some have suggested that magnetic fields are not affected by different layers of the brain tissue that affect the EEG signals, potentially enabling higher spatial resolution in MEG. On the other hand, EEG is much easier to detect and is readily used during regular daily activities to understand brain circuitry and its relationship to behavior. MEG signals based on SQUIDs are weaker and require longer integration time that reduce its temporal resolution. The main objective of the work reported here is to develop room temperature magnetometers, with the potential applications in mapping brain activities, in behaving humans in our natural environment with the hope of learning and discovering neuron firing patterns and their relationship with our behavior.
Magnetometers have been developed extensively during the past five decades. The Lorentz force, the Hall Effect, AMR, GMR, magnetostriction, the magnetoresistive effect and flux gate are some of the commonly used transduction techniques reported. Li et al. [6] reported a Lorentz force magnetometer for an electronic compass with a resolution of 210 nT/ √ Hz operating using a DC supply of 2 V at 21.29 KHz resonance frequency. In the recent past a new approach for sensor fabrication has been used. Magnetoelectric composites have been used by Marauska et al. [7] as cantilever deposit to give a minimum resolution of 30 pT and sensitivity of 3.8 V/mT. Using a bias current of 7.245 mA, Kumar et al. [8] reported the sensitivity of a Lorentz force magnetometer device to be 2.107 mV/nT, considering a low noise floor of 2.8 pT/ √ Hz. A Lorentz force based, torsional resonant magnetometer has been reported by Ren et al. [9] , that had a sensitivity of 400 mV/μT and a resolution of up to 30 nT in 10 Pa vacuum. Kádár et al. [10] reported a magnetometer with 1 nT sensitivity using a device dimension of 2800 μm × 1400 μm. The Lorentz force sensors have the advantage of being hysteresis free when compared to the magnetoresistive and the flux gate magnetometers. Haned and Missous [11] used Hall Effect to sense magnetic flux density variation and were able to achieve 100 nT resolution using AC technique. Bertoldi et al. [12] used anisotropic magnetoresistive effect (AMR) as the transduction technique to detect the magnetic field changes as small as 20 nT. Giant magnetoresistance effect (GMR) was used by Wang et al. [13] to achieve a resolution level of 30 nT. Liakopoulos and Ahn [14] used the micro-fluxgate principle to detect a minimum of 60 nT signal, and they used 3D toroidal type planar coils 5 mm × 2.5 mm for detection and excitation. Yabukami et al. [15] reported a high frequency carrier-type sensor with 88 pT sensitivity using giant magneto-impedance effect (GMI).
Here we discuss a ferromagnetic MEMS magnetometer composed of a low compressive stress (−14 MPa) silicon nitride devices with a Neodymium rare earth magnet as the foot-mass. An external DC magnetic flux and a feedback signal were used to respectively bias the devices and parametrically amplify the AC magnetic field input signal, improving the sensor sensitivity by 350 times (from 1.9 μV/nT to 0.67 mV/nT) and its MDS by 4 orders of magnitude (from 1 μT to 27 pT). We have reported a fiber optic magnetometer with sub pT sensitivity in the past [16] . To improve the sensor's sensitivity and MDS, we are further reducing its effective elastic constant, its mass, and the RMS noise level. 
II. DESIGN
The MEMS sensor design for measuring ultra-low magnetic flux density of the order of 10 fT, requires a large signal/displacement, for a very small applied force (i.e., large X/F). We examined four different structures; i) cross-bridge (device# 1), ii) 3-leg bridge (device #2), iii) a regular bridge, and iv) a diaphragm (Fig. 1) . All these structures were tested with a neodymium rare earth magnet placed at their center. The Hooke's constant of the device, calculated from its resonant frequency, was a function of the mass of the magnet (12-24 mg) and the built-in-stress ( ) as k = AEt 3 w l 3
and ∝ E. The device #1 (Fig. 1a) , was found to have most stable output response whereas the device #2 (Fig. 1b) yielded the maximum output per unit force (presumably due to its lower spring constant compared to device #1). The device#3 (Fig. 1c) was unstable due to the magnet mass that tilted and resulted in loss of laser reflection at resonance. The device #4, a diaphragm structure (Fig. 1d) was stable but had lower sensitivity. The dynamics of a MEMS structure [17] - [19] is given by eq. (1). The damping coefficient (b) and the spring constant (k) were varied with external bias, magnet mass (M), and the built-in stress. The parameters were adjusted to get the maximum response (displacement/input magnetic field) for a given force on the sensor due to the external magnetic field. The equation of motion for the flexure sensor is given by:
where 'F' is the overall force acting on the sensor and 'x' is the net resultant displacement. We note that for a simple harmonic excitation (F∼F 0 e iωt ), the displacement and its derivatives are given by:
where x 0 is:
with
where
The weight of the device, in our case, was dominated by the magnet mass that was much larger than the mass of the silicon nitride bridge. Fig. 2 shows schematic of two of our sensors, their mechanical models, and expressions for their effective Hooke's constants and sensors' dimensions. The permanent magnet causes the bridge to sag near the center due to the gravity as shown in Fig. 3a . The tension caused by the sagging changes the effective Hooke's constant of the bridge and modifies its resonance frequency. Using an external magnet, one can modify the amount of sagging and increase or decrease the effective Hooke's constant as shown in Figs. 3b and 3c. In addition to the magnetic field biasing, we used parametric feedback to improve our sensors' performance. We note that an additional force F 1 can be added to the overall force: F = F 0 e iωt + F 1 to enable additional modification of the sensor's dynamics as follows. If F 1 ∼ k f x, with k f an appropriate constant, F 1 will clearly change the Hooke's constant of the sensor to k-kf. Likewise, if F 1 ∼b fẋ with b f another appropriate constant, the effective damping coefficient will become b-b f . Or, if F 1 ∼m fẍ , then the mass will be modified as M-m f . So, by choosing the correct F 1 we can modify almost all the important parameters of the sensor. To produce these F 1 's, all we need to do is to take the sensors' output and electronically convert it to a signal that is proportional to x or its derivatives as shown in (2) . Noting that i ∼e iπ/2 ,
can be easily generated by taking the position signal and phase shifting it by π/2. Likewise, phase shifting the position signal by π, produces a signal proportional toẍ. The multipliers ω in the first case and ω 2 in the second case are simply part of the b f and m f . a) The weight of the permanent magnet applies tension to the bridge and modifies its spring constant. (b) With an external magnetic field of +13.75 mT, the tension can be nulled, (c) With an external field of −13.75 mT, the tension can be increased. Thus, this method of modifying the sensor's dynamics only works near resonance, when the displacement signal is largest. The phase shifts are simply produced by a band-pass filter with the correct 3 dB frequencies, that is an integral part of a feedback amplifier, as schematically shown in Fig. 4 .
The above improvements along with the sensor isolation and flux concentrator were used to achieve the 27 pT MDS as discussed next, after discussing the sensor fabrication and characterization. (Fig. 4) was fixed at 0.07 nT. Bandwidth was 2 Hz. RMS noise level was calculated from 638 HZ to 3 KHz.
III. FABRICATION
The sensors were fabricated on a double sided polished Si wafer that was cleaned and thermally oxidized to form 500 nm of SiO 2 by wet oxidation, at 1050°C, that introduced a compressive stress of 300 MPa. Next, low pressure chemical vapor deposition (LPCVD) of silicon nitride was used to deposit a 1-2 μm thick silicon rich nitride layer at 825°C. The stress in this layer was 128 MPa tensile. The oxide and nitride had a combined compressive stress of ∼14 MPa. The nitride was then patterned and etched using 50 sccm of CF 4 and 5 sccm of O 2 at 15°C to produce cross bridges, bridges and diaphragms. Finally, using Al metal mask on the back, DRIE using SF 6 and C 4 F 8 was used to release the beams. Subsequently a small Neodymium magnet was attached to their center (Fig. 1) .
IV. CHARACTERIZATION
The sensors were tested in 1 mTorr vacuum inside an aluminum sample holder with an optical window. The optical detection techniques for non-contact displacement measurement include beam triangulation [20] , interferometry [21] - [23] and Doppler vibrometry [24] . Here we used a Doppler vibro meter to measure sensor displacement and a network analyzer to excite the device through a coil and also to display the vibration amplitudes provided by the vibro meter. The vibro meter output was also electronically modified (amplified and phase shifted) and used as a parametric feedback to the sensor, through a second coil, as schematically shown in the Fig. 4 .
A. Sensor Response
The device response, shown in Fig. 5 , was measured by applying 0.07-1.1 nT (14-200 μA) excitation to the external coil (Ø 5 cm) (Fig. 4) . The force acting on the sensor (F) with permanent magnetic dipole 'm' and an external magnetic flux density 'B' is given by:
In our experiments, the magnet was directly above the coil near its center. So, we can use the z-component of the 'B' and 'm' and replace the '∇' operator with ' ∂ ∂z '. We further note that the magnetic flux density of a disk shaped permanent magnet along its axis (z-component) is approximately given by:
where the volume of the magnet is denoted by 'V m ' and μ 0 = 4π × 10 −7 Henry/m. The surface magnetic flux density (B s ) in our devices were around 1 mT. We also note that the magnetic field along the axis of a coil with N turns and radius 'r ' is given by: (Fig. 5) . The displacement of the center of the bridge at can be simply related to the applied force by x∼F/k. So to have a large displacement (response) we need to have a very small spring constant 'k'.
Since the network analyzer had a lower output limit of 0.07 nT/0.707 mV, we increased the distance between the coil and the sensor (2.5-15 cm) keeping the number of turns (18) and radius of the coil constant (Ø 3 cm). The sensor sensitivity (S) can be defined as:
where the first part of 'S' is simply '1/k' and the second part (|F|/|B|) is related to 'B' through equations 5-6. The sensor output in Fig. 5 was obtained using a laser Doppler vibrometer that produces a signal proportional to the velocity of the bridge (|dx/dt|). Shielding: In order to minimize the effect of stray magnetic fields in our measurements we used high permeability sheets (80% nickel-iron-molybdenum alloy) to cover the device with a small opening at the top for the laser reflection to pass. High μ sheets were also placed below the overall setup. There was improvement in the output amplitude due to the shielding.
B. External Bias
External magnetic field was used to enable in-situ tuning of the Hooke's constant. When the external field attracted the sensor's magnet, it increased its tensile stress and modified the effective value of the apparent acceleration due to gravity. Both these effects increase the resonance frequency by 14 Hz. When the external field "repelled" the sensor's magnet, it reduced the built-in tensile stress and effectively floated the sensor's magnet reducing its resonance frequency by 5 Hz. The output amplitude of the sensor decreased in the first case and increased in the second case (Figs. 6a and 6b) . The biasing magnetic field improved the sensor output by 11 μV to 24 μV at 463 Hz excitation (x∼F/k ef f ). The external magnetic flux (B bias ), was varied from −28.75 mT to +28.75 mT in the z-direction (
). Table II summarizes the effect of external bias on the vibration amplitude (at resonance) and resonance shift of the device# 1. Although we used permanent magnets to produce the bias field to increase the sensor's response and lower its resonance, we can easily use a coil and dynamically change the bias field to cope with and cancel the effect of mechanical vibrations on the sensor.
C. Parametric Amplification
To improve the sensitivity of the sensor we used parametric amplification. The term parametric amplification or parametric resonance is an electronic feedback technique that improves both the output (F ∝ B ef f ) and the noise-floor, in resonant structures (B ef f = B zcoil + B f eedback ) . It provides an alternative method that can actuate the resonators, as opposed Fig. 7 . The band pass filter was used for maximum output generation at 100 Hz. The phase was 0°for 100 Hz and there was a lag of 90°at the resonant frequency.
to the external signal that directly drives the resonator. The spring constant of the resonator varied which in turn modulated the sensor's response. We then subjected the cross bridge (device# 1) to a 0.07 nT (0.707 mV) input for parametric amplification, and the response of the sensor with increasing gain was studied (Fig. 7) . The amplitude increased almost linearly with increasing gain until it saturated at a gain of 200. For the device #2 the gain was increased while increasing the distance between the coil and the device. For a given stand-off distance (2.5-15 cm), the output was studied only for the maximum gain. Hence, no such relation as shown in the Fig. 8 was obtained for the device #2. We observed maximum output from the sensor at a gain of 200, above which it saturated (Fig. 8) . The change increased initially, but saturated at higher gain. The input to the smaller coil (Ø 3 cm) was kept constant at 0.07 nT (0.707 mV). We used an averaging of 3 and a bandwidth of 2 Hz for the measurements. Only the device #2 was used to study the effect of parametric amplification. The resonant frequency of the device was 295 Hz, and the amplitude was six times that of the device #1, used for initial characterization. The device dimension was 4 mm × 2 mm × 1 μm (Fig. 1b) from the center of gravity. With just three legs, the Hooke's constant of the device was smaller and the amplitude obtained was much higher, satisfying the equation 3. For parametric amplification measurement, we used 0.07 nT (0.707 mV) as the input to the primary coil, and a bandwidth of 10 Hz. Since, the output was better in the case of 3-leg bridge (device #2), the input magnetic flux density response was studied for lower values by increasing the distance (2.5-15 cm) between the coil and the device. The gain was then adjusted from 10-5000, as the distance was increased from 2.5 cm to 15 cm until it saturated. Using 0.07 nT (0.707 mV) input with 2.5 cm stand-off distance (magnetic flux density of 0.2 nT), the MDS for plus bridge (device #1) was 12.6 nT without feedback and 7 nT for parametric amplification. For the same input excitation and standoff distance between the coil and the device, the MDS for the 3-leg bridge (device #2) were 2 nT and 1 nT which was improved by further decreasing the input magnetic flux density. The amplification used was significant for both the device #1 and the device #2.
The device #1 being a more stable structure was excited with higher magnetic flux density. The device #2 was subjected to lower magnetic flux densities (Fig. 9 ) by varying the distance between the coil and the device. Parametric amplification was useful as a feedback technique and can be used for many applications in order to increase the MDS of sensors. The effect of external biasing on the inbuilt stress was also shown, using it to increase the amplitude of vibration of the sensor.
The output from the network analyzer was limited to 0.07 nT (0.707 mV). Increasing the distance reduced the Fig. 9 . Graph comparing the MDS and the noise-floor for the device#1 and the device #2 using parametric amplification (PA) and no feedback (NF). magnetic field, but for a large distance, a larger shielding box was needed. To obtain the sensor MDS, we extrapolated the sensor output down to its noise-floor (signal-to-noise ratio of 1). We then repeated this procedure with different extrapolation methods (power and logarithmic) (Fig. 10) . The MDS of 27 pT was obtained using linear extrapolation. The MDS range for device #2 was 61 pT -533 pT without feedback and 1 pT -176 pT with parametric amplification. The output, in this case, was for the maximum gain used for each measurement. At 15 cm coil to sensor distance, the minimum input magnetic field detectable was observed. Below 0.02 nT the output of sensor was indistinguishable with noise level. As the input magnetic field decreased, maximum gain at which output saturated increased for the parametric amplification loop. For 0.1 μT the gain used was just 10, however, for 7 nT, 1 nT and 0.5 nT input the gain used was 100, 500 and 5000 respectively. The extrapolated output for device #2 intersected the noise-floor to give the MDS. The noise-floor, in this case, was measured using the RMS frequency data around the resonant peak, maximizing the effect of parametric amplification. The RMS noise-floor around resonant peak was 77 μV for parametric amplification (PA) and 67 μV without any feedback (NF), as the amplitude was higher for PA. Away from the resonant peak, noise-floor was 18.5 μV for PA and 81.7 μV for NF.
The resonant frequency of the sensor varied with temperature as can be seen in Fig. 11 . The change was 0.05 Hz/°C resulting in 12 pV/pT/°C for 224 mV input. These values were obtained by finding the sensor sensitivity at each temperature (7 different temperatures as shown in Fig. 11 ) and calculating its average. We repeated the measurements with lowest and highest available excitation voltages to check for nonlinearities or abnormalities at very small and very large excitation levels.
V. CONCLUSION In conclusion we used a combination of shielding, external biasing and parametric feedback to demonstrate MEMS magnetometers with MDS of 27 pT and ∼0.67 mV/nT. The external bias levitating the sensor was shown to increase the sensor's response. Parametric amplification was used to improve the MDS by 4 orders of magnitude and its sensitivity by 350 times.
